The 79>81 Br and 127 I NQR spectra of several hydrobromides, respectively hydroiodides, of amino acides and dipeptides were studied, mostly as functions of temperature in the range 77 < T/K <420. 
Introduction
Some years ago, Fleck and Weiss [1] , in connection with the study of pyroelectric properties of amino acids, proposed a rule for the dependence of 79 -81 Br nuclear quadrupole resonance (NQR) frequencies on the hydrogen bond coordination of the Br e ion in hydrobromides of amino acids and amines. Upper and lower limits for the 79 [3] and, therefore, contribute more to the EFG at the site of the bromine nucleus than the latter ones. Additionally, in case of bonds N-H • • • Br e only, the symmetry of the charge distribution around the bromine ion will be higher than in case where one additional O-H • • • Br e is present. Correspondingly, the acting EFG will be higher in the later case.
For amine hydroiodides and amino acid hydroiodides a similar relation between the 127 I nuclear quadrupole coupling constant, (NQCC) e<P zz Qh~1 = e 2 qQh~1 (e = unit charge, <P ZZ = main principal axis of the EFG tensor, e Q = nuclear electric quadrupole moment, h = Planck's constant) and the kind of the hydrogen bond linkages to I e was observed [4],
In the following we report the crystal structures and the halogen NQR spectra of L-histidine dihydrobromide (L-His • 2 HBr), L-cysteine hydrobromide monohydrate (L-Cys • HBr • H 2 0), and glycyl-L-leucine hydroiodide monohydrate (Gly-L-Leu • HI • H 2 0). The halogen NQR data of several other amino acid hydrohalides are reported, too (without crystal structure investigation; for some of the title compounds the 0932-0784 / 92 / 0700-903 $ 01.30/0. -Please order a reprint rather than making your own copy. Table 1 . Compounds investigated; abbreviation of the name (short form); habitus, color, melting point (decomposition point in K); chemical analysis (C, H, N, halogen in weight%); property studied. 
Nuclear Quadrupole Resonance
The NQR spectra of the title compounds (Table 1) were measured with a superregenerative oscillator type spectrometer, lock in technique, time constant 10 s. Most NQR spectra have been studied as functions of temperature to look for solid *-> solid phase transitions. The wanted temperatures at the sample site were generated by liquid nitrogen (77 K) , by a flow and temperature regulated stream of nitrogen gas (100-200 K), by a cryostat with methanol as cooling liquid (200-300 K), and by a thermostat with oil as medium (T> 300 K). The temperature of the samples was determined by thermocouples (Cu/Constantan) to ±0.3 K, and the frequencies were measured by counting to + 5 kHz. In all measurements of bromine NQR, for both isotopes, 79 Br and 81 Br, the NQR frequencies have been observed at selected temperatures to find unique assignment. This is a fairly simple and safe procedure since the ratio of the nuclear quadrupole moments Q( 79 Br)/()( 81 Br) is well known and the ratio of the frequencies is equal to that of the nuclear quadrupole moments. In the following we give only the 79 Br NQR frequencies in figures and tables.
We mention that several amino acid hydrohalides and dipeptide hydrohalides not listed in Table 1 have been synthesized and investigated by NQR without success, probably because of improper crystallization.
Crystal Structure Determination
The crystal structures of L-histidine dihydrobromide, L-His • 2 HBr, of L-cysteine hydrobromide monohydrate, L-Cys • HBr • H 2 0 and of glycyl-L-leucine hydroiodide monohydrate, Gly-L-Leu • HI • H 2 0, were determined with a 4-circle X-ray diffractometer using small single crystals grown from aqueous solution of the respective compound. The intensities collected were corrected for absorption and Lorentzpolarisation factor. The structures were solved by direct methods and the hydrogen atoms found from Fourier synthesis [6] . The structures were refined by least squares procedures [7] . In Table 2 the experimental conditions for the crystal structure determinations are given, including crystallographic data of the title compounds. The final structure amplitudes, F a and F c , can be found in [5] . 127 I NQR Spectra of Hydrobromides Table 3 . Inter-and intramolecular bond distances (in pm) and bond angles (in degree) of L-histidine dihydrobromide. For the numbering, see Fig. 1 and Table A .l. Point positions: Br (1)I : x, y, z; Br (1) ": j-x, 1-y, f -z:
x, y, z; 0 (1)VI : 1-x, ± + ±-z.
Results

Crystal Structures of L-His • 2 HBr, L-Cys • HBr • H z O, and Gly-L-Leu • HI H,0
The metric of the unit cells of the title compounds, R-values, experimental conditions, etc. are given in Table 2 . For clearness we show the relative coordinates of the crystal structures as well as the thermal parameters in tables of the Appendix A. The positional and thermal parameters of L-His • 2 HBr are given in Table A .l. Table A .2 lists these data for L-Cys • HBr • H 2 0, and for Gly-L-Leu • HI • H 2 0 the corresponding data are given in Table A .3.
L-Histidine dihydrobromide, L-His • 2 HBr
The compound L-His • 2 HBr is composed of a double protonated anion (L-His • H 2 ) 2 ® and two Br e . The positive charges should be located at the NH 3 group and at the imidazole ring, respectively. In the latter one both nitrogen atoms are protonated. In Fig. 1 we show the geometry of a formula unit of L-His • 2 HBr, as it is found in the unit cell. The crystal lattice of L-His • 2 HBr is governed by hydrogen bonds, connecting anions and cations within the unit cell to a three-dimensional network. In Fig. 2 the projection of the orthorhombic unit cell of L-His • 2 HBr along the c-axis onto the (ab)-plane is shown. The hydrogen bonds are marked by dashed lines.
For the discussion of the bond scheme in L-His • 2 HBr let us have a look on the intra-and intermolecular distances listed in Table 3 . The hydrogen bond distances and bond angles are given in Table 4 (1) , one to Br (2) , and one to the carboxyl oxygen of the acid group COOH. The hydrogen atom of the COOH-group forms also a hydrogen bond to one of the bromines and finally from both NH groups within the protonated imidazole ring a hydrogen bond is directed to a bromine (see Table 4 ). As a result, one of the bromines accepts two hydrogen bonds N-H-••Br®; the other bromine accepts an additional bond 0-H--Br e . Comparison shows that L-His • 2 HBr is isostructural with L-His • 2 HCl, the structure of which is reported in [8, 9] . Looking on intramolecular bond distances and angles of L-His compounds, in which both nitrogens of the imidazole ring are protonated and for which the crystal structure is reported, the data given in Table 3  agree well with the distances and angles reported (Table 3) we can say that they are found in a range observed for a large number of amino acid derivatives [20, 21] .
The formula unit of L-Cys • HBr • H 2 0 is sketched in Fig. 3 with respect to the unit cell of the title compound. The coordinates of the atoms and the thermal parameters are listed in Table A Table 5 the intra-and intermolecular distances and angles are given and in Table 6 the distances and angles determining the hydrogen bond scheme.
The bond distances and bond angles within the L-cysteine molecule of L-Cys • HBr • H 2 0 are comparable with the ones observed for other cysteine compounds such as L-Cys • HCl • H 2 0 [22, 23] , orthorhombic L-Cys [24, 25] , and monoclinic L-Cys [26] . Bond lengths and bond angles of the amino acid group are within the region found for many amino acid and peptide compounds [20, 21] . (1) is a possible hydrogen acceptor but it is not incorporated in the hydrogen bond system. However, there are possibilities of the thiol group to form hydrogen bonds. Paul [27] has shown that for formation of an S-H hydrogen bond several criteria must be fulfilled. The distance between the sulfur atom and the proton acceptor atom A should be smaller than d -235 pm 4-r vdw (A) (r vdw = van der Waals radius) and the angle C
(1) -S (1) ---A should be 90° ( + 20-30°). From difference Fourier synthesis we found a hydrogen position for the thiol group which has a short distance to two acceptor atoms, Br
(1) and 0 (2) (see Table 5 ). 
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S-H • • • O bond is the only chance to incorporate the
thiol group into the hydrogen bond system.
Glycyl-L-leucine hydroiodide monohydrate,
Gly-L-Leu • HI -H 2 0
The title compound Gly-L-Leu • HI • H 2 0 crystallizes monoclinic, P 2 X , Z = 2 (see Table 2 ). In onto the plane (ac). In Table A .3 the positional coordinates and thermal parameters are given, and in Table 7 we list the prominent intra-and intermolecular bond distances and bond angles. The characteristic hydrogen bonds are given in Table 8 . Ref-
Gly-L-Leu • HI H 2 0 * This paper.
Gly-L-Leu HI • H 2 0 is an ambiphilic system with hydrophobic (lipophilic) interactions in the one part of the salt and hydrophilic (lipophobic) interactions in the other one. The isobutyl group of the leucine unit is strongly hydrophobic; the peptide backbone, with the amido-, ammonium-, and acid group, including H 2 0 and the iodine ion, is strongly hydrophilic. This shows up in the crystal structure. Parallel to the feeplane a double layer lattice is formed (see Figure 7) . At x = \ the isobutyl groups of two molecules interact, forming a layer, and at x = 0 the peptide rests, including I e and H 2 0, form a second layer. In total, a sandwich with the charged part and the hydrogen bonding groups at the inside, the isobutyl groups as the covers, appears. The hydrogen bonds connect the layer at x = 0 to a twodimensional net, and the van der Waals interactions hold the layers together. This layer structure reminds of similar structures of Gly-L-Leu 
Conformation Analysis
The conformation of an amino acid or peptide is described by a set of torsion angles. In Table 9 there are given all the torsion angles of the title compounds for which the crystal structure is reported here. For comparison, data for structurally related compounds are listed, too. The definition of the torsion angles is according to the IUPAC-IUB convention on biochemical nomenclature [76] . For amino acids one needs only the torsion angles ij/ 1 and i// 2 and angles x' (i-1,2,...) to describe the side chain of the amino acid. X 1 ' 2 should be near 0° or 180° (±20-30°) [77] and x 1 of a single side chain bond should be around -60°, 60°, and 180° [78] , For many cysteine compounds x 1 is in the range 55 < x 1 /" < "75 [78] . From Table 9 one finds that this is valid for L-Cys • HBr • H 2 0. For the side chain of the histidine molecule a second side chain torsion angle x 21 must be considered. should be in the range ±90° ( + 20-30°) [15] . If x 1 « -60° or 180°, then the imidazole ring has the so-called "open" conformation. If x 1 ~ + 60°, then the histidine is in the "closed" form [15] . In L-His • 2 HBr the imidazole ring is in the sterically preferred "open" conformation ( Table 9 ). The imidazole ring with the atoms C (1) , C (2) , N (1) , C (3) , and N (2) is nearly planar; the deviations from planarity are small. (The plane equation is: 223.43 x -45.36 y 4-712.99 z = 151.68 pm). In peptides there exist torsion angles cp, ifr, and co. The torsion angle co should be near 0° or 180°; in the sterically preferred trans-conformation of a peptide it is near 180°, so for Gly-L-Leu • HI • H 2 0, see Table 9 . For the torsion angles cp and i// there exist energetically preferred special combinations according to the side chain. In a cp, ^-conformation map the energetically preferred regions are described [76] regions. The change of sign of the glycyl-peptides for ijt and co in Table 9 is due to the glycyl residue (no asymmetric C-atom), for which positive and negative values are possible. In case of the side chain of a leucyl residue there are only two combinations of y} and energetically preferred (180°, 60° and -60°, 180°) [79] , Peptides select the second possibility, so Gly-L-Leu • HI • H a O. In this conformation C (5) is in gauche position to the carbon atom of the acid group and to the nitrogen atom of the peptide bond. Fig. 8 the 79 Br NQR frequencies are plotted in their dependence on temperature in the range 154 < T/K < 425. The curves are smooth functions of T, in agreement with the results of the differential thermal analysis, DTA, in which no sign for a phase transition was observed within 77 < T/K < 448. The signal to noise ratio, S/N, of the Table 11 .
In Table 11 79 Br NQR frequencies are collected for selected temperatures; in case were the measurements gave signals at 77 K and at 295 K, these temperatures have preference in Table 11 . In Table A .4 we list the coefficients for the parameterization of the temperature dependence of v( 79 Br) according to
The crystal structure of L-Cys • HBr • H 2 0 is reported in this paper. Searching for the Br NQR spectrum within 11 < v/MHz < 41, two NQR signals were detected. The frequency ratio is 1.1970 (v( 79 Br)/ v( 81 Br)). In agreement with the structure there is only one crystallographically independent Br e ion in the unit cell. v( 79 Br) =/(T) is plotted in Figure 9 . The
temperature dependence is "anomalous" if one considers a negative temperature coefficient predicted by the Bayer theory as "normal" [37] . v(T) is nearly linear over the whole range covered, 77 < T/K < 341 (T m ). At 77 K the frequency is 14.238 MHz with an S/N of 7. S/N increases to 40 at 171 K, decreasing from thereon to 10 at 337 K. For selected frequencies see Table 11 , for the parameterization of v( 79 Br) = /(T) see Table A.4. There is neither a simple explanation for the positive temperature coefficient of the 79 Br NQR frequency in L-Cys • HBr • H 2 0 nor for the maximum in S/N at 171 K. Most probably the dynamics of the hydrogen bond system may be responsible for these observations.
L-Cystine dihydrobromide, L-Cys-S-S-L-Cys • 2 HBr
In the range 10 < v/MHz < 28, at room temperature, a Br NQR dublet was observed, one line at 18.224 MHz, the other one at 21.809 MHz. The ratio of the frequencies, 1.1967, corresponds to the known ratio of the nuclear quadrupole moments of 79 Br and 81 Br. The dependence of the 79 Br NQR frequency was studied in the range 77 < T/K <420, see Figure 10 . Selected frequencies are found in Table 11 , and the parameterization of v( 79 Br)=/(T) is listed in Table  A Table 12 . 
Ethanolamine hydrobromide
Here we deal not with an amino acid, but there is the possibility of both hydrogen bond connections, N-H • • • Br e , and O-H • • • Br e . HOCH 2 CH 2 NH 2 is the reduced form of glycine. Searching within 10 < v/MHz <25, a NQR dublet was observed with the frequency ratio 1.1967. Only one crystallographic independent bromine is in the unit cell of HOCH 2 CH 2 NH 2 • HBr, confirming the crystal structure determination [47] (triclinic, PI).
In Table 12 . About selected frequencies and the parameters a t of (1) see Table 11 and Table A .4, respectively.
L-Glutamic acid hydrobromide, L-Glu • HBr
Two Br NQR signals were detected at room temperature in the range 8< v/MHz<38 and the frequency ratio is 1.1969, i.e. the ratio of the nuclear quadrupole moments Q( 79 Br)/Q( 81 Br). The temperature dependence of v( 79 Br) is plotted in Figure 12 . dv/dT is negative and no phase transition shows up in Figure 12 . S/N increases from 4 at 77 K to 12 at 420 K. For selected frequencies see Table 11 , and for the parameterization of v(T) see Table A .4. L-Glu • HBr crystallizes with the space group P2 1 2 1 2 1 , Z = 4 [48, 49] , having one crystallographically independent bromine in the unit cell, in agreement with NQR. The com- [53] . We assume that the hydrogen bond arrangement in L-Glu -HBr is similar to L-Glu • HI.
L-Histidine hydrobromide, L-His • HBr
Crystallisation of L-His • HBr from aqueous solution at room temperature yields large, waterclear, multifaced crystals with xH 2 0. Since we could not find any 79 ' 81 Br NQR spectrum in the range 10 MHz to 25 MHz at room temperature, the compound was not further investigated. On heating the compound to 373 K, H 2 0 is lost irreversibly. A sample, dried at 403 K to constant weight and annealed, gave in the NQR search, 10 < v/MHz < 28, two signals which belong to one bromine point position. The temperature dependence of the 79 Br NQR singlet is normal, see Figure 13 ; no phase transition occurs. DTA from 77 K to 513 K (T mp ) confirms the one phase behavior. S/N shows a maximum around 240 K. Selected frequencies are found in Table 11 , and the parameterization of v(T) is given in Table A .4. The crystal structure of L-His • HBr is not known, and from the 79 Br frequency, being around 19.95 MHz at room temperature, one cannot speculate about the hydrogen bond system.
L-Histidine dihydrobromide, L-His • 2 HBr
The crystal structure of L-His • 2 HBr is reported in the present paper. Searching for NQR lines within 8 < v/MHz < 32, we observed four signals, separable into two pairs by applying the frequency relation between the 79 79 Br is plotted as a function of temperature in Figure 14 . This is an obvious application of our model, in conformity with the crystal structure. Of course, a unic proof has to come from single crystal Zeeman split NQR experiments. Worth mentioning is the temperature coefficient of the NQR frequencies: that of the upper line is almost twice that of the lower one. Over the whole temperature range covered, S/N of the lower frequency line is practically twice that of the higher frequency line. Together with the difference in the temperature coefficients, this is an interesting point to work on; most probably it is a question of molecular dynamics in the lattice. There is no sign of a phase transition neither in the NQR spectrum nor in the DTA (77 K to 420 K). For selected frequencies and the parameterization of v( 79 Br)= /(T), see Table 11 and Table A .4.
L-Isoleucine hydrobromide monohydrate, L-Ile • HBr • H 2 0; L-Valine hydrobromide monohydrate, L-Val • HBr • H 2 0
Both, L-Ile and L-Val are amino acids with an aliphatic side chain, branching at the atom C (ß \ Two Br NQR signals were found in both compounds, and in both cases the frequencies had a ratio of 1.1969. We can assume that in the unit cells of both compounds there is only one bromine in the asymmetric unit. In Fig. 15 the 79 Br NQR frequencies are plotted against the temperature. dv/dT is quite small and S/N is small in both cases. Only in a restricted temperature range we could observe the signals.
The structure of D-Ile • HBr • H 2 0 is known [32] , and therefore we know the structure of L-Ile 
Sarcosine hydrobromide, Sar • HBr
In the range 10-25 MHz one 79 Br NQR line was observed. The frequency course with temperature is smooth, the temperature coefficient negative, no sign of a phase transition, neither from the NQR experiment nor from DTA (77 K-435 K). S/N is high, 80 at 77 K, decreasing to 50 at 120 K, increasing again up to 80 at 190 K from where it goes down to 5 at 422 K. From the 79 Br NQR frequency we expect similar circumstances for the hydrogen bond scheme as the ones we discussed for L-Val • HBr • H 2 0. But one of these possibilities cannot be realized because only one O-H bond per Br e is available. In Fig. 16 v( 79 Br) = f(T) is plotted; selected frequencies are given in Table 11 , and the power series development of v( 79 Br) =/(T) is listed in Table A .4.
Disarcosine hydrobromide, (Sar) 2 • HBr
The crystal structure determination of the orthorhombic (Sar) 2 HBr, space group Pca2 x , showed two crystallographically independent bromine ions in the unit cell [54] . Accordingly, in the search for NQR four lines have been observed in the range 11 < v/MHz <25, a dublet for 81 Br and a dublet for 79 Br. Br
(1) experiences two hydrogen bonds N-H • • • Br e , Br (2) three such bonds, and the two 79 Br lines should be in the low frequency range, where they are observed. Selected frequencies and parameters of the power series development of v( 79 Br) =/(T) are given in Table 11 and Table A .4, respectively. In Fig. 17 v( 79 Br) =/(T) is plotted. We cannot assign the two frequencies to the bromine positions in the unit cell. The upper line is observable within a limited range (233-314 K) and S/N is low (2-5). S/N for the lower frequency is small, too (<7). Neither NQR nor DTA (77 <T IK < 380) shows any sign of a phase transition of (Sar) 2 • HBr.
Glycine lithium bromide, Gly • LiBr; Glycyl-glycine lithium bromide, (Gly-Gly) • LiBr
Within this study we became interested in the interaction of hydrogen bonds with the halide ions in compounds of alkali metal halides with amino acids. We studied the series Gly • LiBr, (Gly-Gly) • LiBr, and (Gly-Gly-Gly) • LiBr, because for the two latter ones crystal structure data are available [55, 56] . Only for the two former salts NQR signals could be found. e only, and this is preferred in the crystal structure of (Gly-Gly) • LiBr. It may be worthwhile to look by NQR more closely into the bond scheme of alkali halide double salts with amino acids and peptides.
I27 I NQR
Ethanolamine hydroiodide
Several hydroiodides of amino acids have been investigated here, see Table 1 . In the search for 127 I NQR the range 10 < v/MHz <39 was covered and two resonance lines were found, corresponding to the two transitions (m = ±1/2 <-> m= ±3/2) and v 2 (m = ±3/2 <-* m = ± 5/2) of the 7=5/2 nucleus 127 I. Using the solution of the secular equation given in [57] , e<P,,Qh~l I) = 0.8933. We call this phase II. In NQR = f(T) and DTA (77 < T/K <442 (TJ) there was no phase transition observable, neither from phase I to phase II nor from II to I. At the time being, the relation between phase I and phase II is not known. Unfortunately, no information on the crystal structure of Sar • HI is available. In Fig. 20 the 127 I NQR frequencies are plotted in their dependence on temperature for both phases, and in Fig. 21 such a plot is shown for the NQCC ( 127 I) and for r/( 127 I). Frequencies, NQCC and rj are found in Table 11 ; the coefficients of the parameterization are listed in Table A .4.
Disarcosine hydroiodide, (Sar) 2 • HI
In the search for 127 I NQR at 293 K, the range 10 < v/MHz <38 was covered and two signals were detected, vj 127 !) = 13.843 MHz, v 2 ( 127 I) = 16.535
MHz. We conclude: In the unit cell of (Sar) 2 HI there is only one iodine in the asymmetric unit. e<P 2Z Qhl { 121 1) = 60.813 MHz, >/( 127 I) = 0.785 is calculated for T = 290 K. Both frequencies are given as a function of T in Fig. 22 and e<P zz Qh-\ 121 \)=f{T) and rj( 121 T) =/(T) are shown in Figure 23 . As before, selected frequencies etc. are given in Table 11 , the coefficients of (1) in Table A 
Diglycine hydroiodide, (Gly) 2 • HI
The crystal structure of (Gly) 2 • HI is available [58] . The monoclinic crystal has two crystallographically 
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Glycyl-L-leucine hydroiodide monohydrate, Gly-L-Leu • HI • H 2 0
The last compound, we report in this paper NQR data for, is Gly-L-Leu • HI • H 2 0, the crystal structure of which is given above. The spectrum shows two NQR lines, as expected from the structure work. [62], Here we list r vdw (in pm) of the atoms D and A and of H as used in this paper. There are small differences in the radii given by Pauling [63] and Bondi [64] . Fig. 27 we show the 79 Br NQR data of the present investigation, together with literature data, divided into 5 groups according to the coordination of hydrogen bonds around the ion Br e . The data on which this figure is based are given in Table A 9 bond is missing; we have no example. The ranges we find on the basis of the available material are 72<e<P 22 show. Progress will be possible by considering the detailed geometry of the coordination, bond lengths and angles, calculating or estimating a charge distribution over the atoms N, O, and H and calculating the EFG by an extended point charge model [75] . The latter one has to take into account that we are dealing with solids belonging to some extent to the group of ionic solids. The lattice charges have an influence on the EFG as found out from single crystal studies [74] . This influence becomes stronger with increasing polarizability of the halogen ion (CI -* Br -> I). 
